Patients with end-stage renal disease (ESRD) with arteriovenous dialysis access (AVDA) can develop symptoms of heart failure and pulmonary hypertension (PH). We report on 5 patients with ESRD and AVDA who presented with shortness of breath, heart failure, and PH. All patients had partial or complete closure of AVDA and were reevaluated after AVDA revision. All 5 subjects had clinical and echocardiographic evidence of heart failure, hypertensive heart disease, left ventricular diastolic dysfunction, and PH at baseline. After complete closure (n ¼ 4) or partial banding (n ¼ 1) of AVDA, mean New York Heart Association class improved from 3:4 AE 0:4 to 1:8 AE 0:4 (P ¼ 0:016). Mean 6-minute walk distance improved from 236 AE 115 to 366 AE 51 m (P ¼ 0:021). Serial echocardiography revealed a decrease in the right ventricle ∶ left ventricle ratio from 1:12 AE 0:17 to 0:8 AE 0:06 (P ¼ 0:005) and improved diastolic dysfunction parameters. On right heart catheterization before definitive AVDA revision, acute manual fistula or graft occlusion led to an average decrease in cardiac output of 1.1 L/min with no other changes in hemodynamics: 9:88 AE 2:2 to 8:71 AE 2:2 L/min (P ¼ 0:059). However, the average decrease in cardiac output after definitive revision of the AVDA (mean, 90 days) was 4.0 L/min with marked improvements in biventricular filling pressures and pulmonary artery pressure. In patients with ESRD and AVDA presenting with heart failure and PH, revision or closure of AVDA can markedly improve dyspnea as well as the clinical, echocardiographic, and hemodynamic manifestations of heart failure and PH.
Pulmonary hypertension (PH) is common in end-stage renal disease (ESRD), with estimated prevalence ranging from 30% to 56% of patients. [1] [2] [3] [4] [5] [6] Multiple factors lead to PH in ESRD; however, the most common mechanism of PH in ESRD is passive left heart congestion due to decreased left ventricular (LV) compliance and LV diastolic dysfunction related to chronic systemic hypertension and arteriosclerosis combined with residual extracellular volume overload. 1, 4 An increased cardiac output (CO) can also occur, related to anemia as well as to the direct and indirect hemodynamic derangements associated with arteriovenous dialysis access (AVDA) in the form of an arteriovenous (AV) fistula or graft. [7] [8] [9] [10] [11] [12] The combined effects of increased left heart filling pressures and increased CO will inevitably lead to PH, whereas muscularization of the pulmonary circulation and reactive increases in the pulmonary vascular resistance will serve to further increase the pulmonary artery pressure (PAP). [13] [14] [15] In patients with dyspnea and PH, the role of the AVDA must be considered, particularly given that closure of AVDA may represent a means to reverse dyspnea, heart failure, and PH in these patients.
The aim of this case series is to demonstrate that closure of AVDA in patients with ESRD and dyspnea can lead to marked improvements in functional capacity as well as the clinical, echocardiographic, and hemodynamic manifestations of heart failure and PH.
CASE DESCRIPTIONS

Patient 1
Patient 1 was a 78-year-old man with a medical history notable for systemic hypertension and ESRD who had undergone renal transplant 3 years before presentation with a chief complaint of shortness of breath. Symptoms were consistent with New York Heart Association (NYHA) class IV functional status. He had a right brachial AV fistula that was placed 4 years earlier. Physical examination revealed a jugular venous pressure (JVP) of 14 cm of water with a prominent V-wave and 1+ lower extremity edema. Twelvelead electrocardiogram (ECG) revealed sinus rhythm at 83 beats per minute with first-degree AV block and LV hypertrophy (LVH).
The echocardiogram (ECHO) revealed normal LV function, a moderately dilated left atrium (LA), LVH, and transmitral Doppler find-ings consistent with increased LA pressure. There was Doppler evidence of PH, and the right ventricle (RV) was mildly dilated with normal systolic function (Table 1) .
Right heart catheterization (RHC) revealed a right atrial pressure (RAP) of 13 mmHg, PAP of 78/30/46 mmHg, pulmonary arterial wedge pressure (PAWP) of 27 mmHg, CO of 10.7 L/min, cardiac index (CI) of 5.4 L/min/m 2 , pulmonary vascular resistance (PVR) of 1.7 Wood units, and systemic vascular resistance (SVR) of 593 dynes·s/cm 5 ( Table 2) . During catheterization, the patient was exercised on a supine bicycle to 50 Watts, resulting in an increase in CO to 15.5 L/min and PAWP to 38 mmHg.
There was no evidence of intracardiac shunting by oximetry or echocardiographic Doppler examination. On the basis of the available data, the patient received a diagnosis of high-output congestive heart failure. The decision was made to surgically close the fistula.
Patient 2
Patient 2 was a 54-year-old woman with a medical history notable for systemic hypertension and ESRD due to glomerulonephritis; she had undergone renal transplantation 1 year before presentation. She presented with a chief complaint of exertional syncope. She also described dyspnea on exertion and NYHA functional class III limitations. She had bilateral brachial AV fistulae. The left arm fistula had been placed 15 years earlier, and the right arm fistula had been placed 2 years earlier. Physical examination revealed a JVP of 16 cm water with a prominent V-wave as well as 2+ lower extremity edema. The ECG revealed normal sinus rhythm at 60 beats per minute with first-degree AV block, incomplete right bundle branch block, and LVH.
The ECHO revealed normal LV function, LVH, and a moderately dilated LA with transmitral Doppler findings consistent with increased LA pressure. There was also Doppler evidence of PH, increased PVR, moderate RV dilatation and moderate RV systolic dysfunction (Table 1) .
RHC revealed a RAP of 17 mmHg, PAP of 101/40/62 mmHg, PAWP of 11 mmHg, CO of 13.1 L/min, CI of 7.7 L/min/m 2 , PVR of 2.1 Wood units, and SVR of 411 dynes·s/cm 5 ( Table 2) . After 1 minute of manual occlusion of left upper arm AV fistula, her CO decreased to 11.8 L/min and decreased further to 8.4 L/min on manual occlusion of both upper arm fistulae, with no other significant changes in her other hemodynamic characteristics.
There was no evidence of intracardiac shunting by oximetry or ECHO-Doppler examination. On the basis of the available data, she received a diagnosis of high-output congestive heart failure. The decision was made to surgically close her left upper arm AV fistula. The decision to close the left brachial fistula over the right was based on the fact that this fistula was more dilated and aneurysmal, as well as more chronic, than the right-sided fistula.
Patient 3
Patient 3 was a 70-year-old man with a medical history notable for systemic hypertension, type II diabetes, sleep apnea, and a renal transplant 2 years before presentation who presented with a chief complaint of dyspnea on exertion and NYHA functional class III limitations. He had a left radial AV fistula that was placed 7 years earlier. Physical examination revealed a JVP of 6 cm water without peripheral edema. The ECG revealed sinus bradycardia at 45 beats per minute, first-degree AV block, left bundle branch block, and LVH.
The ECHO revealed normal LV function, LVH, a dilated LA, and transmitral Doppler evidence of increased LA pressure. There was also Doppler evidence of PH, with normal RV size and function ( Table 1) .
RHC revealed an RAP of 2 mmHg, PAP of 71/22/34 mmHg, PAWP of 17 mmHg, CO of 8.25 L/min, CI of 3.66 L/min/m 2 , PVR of 3.0 Wood units, and SVR of 1,112 dynes·s/cm 5 ( Table 2 ). After 1 minute of manual fistula occlusion, the CO was 7.35 L/min with no other changes in hemodynamic characteristics. There was no evidence of intracardiac shunting by oximetry or ECHO-Doppler examination. On the basis of the available data, the patient received a diagnosis of high-output congestive heart failure. The decision was made to surgically close the fistula.
Patient 4
Patient 4 was a 43-year-old woman with a history notable for systemic hypertension, sleep apnea, and ESRD due to glomerulonephritis; she was receiving hemodialysis at the time of presentation with dyspnea on exertion and class IV functional limitations. She had a left femoral AV fistula that had been placed 10 years earlier. Physical examination revealed a JVP of 15 cm water without peripheral edema or rales. The ECG revealed normal sinus rhythm at 75 beats per minute and LVH.
With the patient lying at a 30°angle, firm pressure was held on the femoral AV fistula to temporarily occlude the fistula. With the fistula occluded, the patient was able to lie comfortably at a 30°angle for 1-2 minutes. Immediately upon releasing manual pressure on the AV fistula, the patient began to cough violently, became short of breath, and quickly sat up to catch her breath. This finding strongly suggested that flow through her AV fistula was leading to symptomatic left heart congestion.
The ECHO revealed normal LV function, a moderately dilated LA, LVH, and transmitral Doppler evidence of increased LA pressure. RV size and function were normal. Doppler methodology estimated the CO to be 10 L/min (Table 1 ).
An RHC had been done 6 weeks before the physical examination and showed a RAP of 17 mmHg, PAP of 45/18/31 mmHg, PAWP of 18 mmHg, CO of 10.5 L/min, CI of 5.3 L/min/m 2 , PVR of 1.5 Wood units, and SVR of 580 dynes·s/cm 5 ( Table 2) .
There was no evidence of intracardiac shunting by oximetry or ECHO-Doppler examination. On the basis of the available data, the patient received a diagnosis of high-output congestive heart failure. The decision was made to partially band the fistula, thus reducing flow through the patient's AVDA, yet allowing the patient to continue to receive hemodialysis using this access.
Patient 5
Patient 5 was a 75-year-old man with a history of systemic hypertension, diabetes, sleep apnea, aortic stenosis (status after bioprosthetic (Table 2 ). Of note, the CO was 7.5 L/min at a heart rate of 56 beats per minute with a stroke volume index (SVI) of 68 mL/m 2 /beat. On the basis of the increase in heart rate during the 6-minute walk test, the patient's CO would be predicted to be 9.8 L/min during mild exertion.
There was no evidence of intracardiac shunting by oximetry or ECHO-Doppler examination. On the basis of the available data, the patient received a diagnosis of high-output congestive heart failure. The decision was made to surgically close the graft.
Follow-up after fistula or graft revision
After fistula closure, all 5 patients had an improvement in heart failure symptoms (Fig. 1) . The mean NYHA class improved from 3:4 AE 0:4 to 1:8 AE 0:4 (P ¼ 0:016). The mean JVP decreased from 13 AE 4 to 7 AE 1 cm of water (P ¼ 0:02), and lower extremity edema resolved completely. In the case of patient 1, his symptoms resolved within 1 hour of fistula closure. For patient 2, her exertional syncope completely resolved. Patients 3 and 4 had marked symptomatic improvements, and patient 4 was reactivated on the renal transplant list. Patient 5 improved sufficiently in the first 3 months after graft closure that he resumed ambulating without the use of a wheelchair. The 6-minute walk distance improved in all subjects, with the mean distance improving from 236 AE 115 to 366 AE 51 m (P ¼ 0:021; Table 1, Fig. 2 ). No patients experienced any adverse effects in terms of medical or surgical complications from the revision of the AVDA.
On ECHO, it was noteworthy that, at baseline, all patients had evidence of LVH (diastolic interventricular septal thickness, 12 AE 1 mm) and LA enlargement (systolic LA diameter, 45 AE 4 mm), whereas the LV ejection fraction was normal (LVEF, 68% AE 6%).
After fistula or graft closure, repeat ECHO (mean time after closure, 135 days) revealed that the mean end-diastolic RV internal diameter decreased from 50:6 AE 10:6 to 41:2 AE 5:7 mm (P ¼ 0:03), RV: LV ratio decreased from 1:12 AE 0:17 to 0:8 AE 0:06 (P ¼ 0:005), and RV outflow track velocity time integral decreased from 24 AE 4 to 20:2 AE 3 cm (P ¼ 0:02), consistent with improved RV size, decreased right to left heart disproportion, and decreasing pulmonary blood flow, respectively.
The mean RVOT acceleration time increased from 92 AE 7 to 115 AE 13 ms (P ¼ 0:004), and pulmonary artery systolic pressure (PASP) decreased from 72 AE 11 to 47 AE 20 (P ¼ 0:02; Table 1 ; Fig. 3 ), consistent with significant improvements in mean and systolic PAP, respectively. LV size remained unchanged in all subjects. There was a trend toward improvement in the ratio of early (E) to late (A) diastolic left heart filling, or E/A ratio, from 1:0 AE 0:7 to 0:6 AE 0:5 (P ¼ 0:17).
Hemodynamic characteristics
Four of the 5 subjects underwent repeat catheterization after AVDA closure. Patient 4 declined a repeat RHC. In the 3 subjects who underwent acute fistula occlusion in the catheterization laboratory by manual compression, CO acutely decreased by an average of 1.1 L/min, from 9:88 AE 2:2 to 8:71 AE 2:2 L/min (P ¼ 0:059). There were no changes in PAP, PAWP, and RAP after acute manual fistula occlusion. However, on repeat catheterization after definitive fistula or graft closure or banding (mean time after closure, 90 days), the mean decrease in CO was 4.0 L/min ( Table 2 ). It was striking to note that the chronic decrease in CO after surgical closure was nearly 4-fold greater than the average decrease in CO seen during acute manual compression of the fistula or graft in the catheterization laboratory (Fig. 3) , with marked improvements in biventricular filling pressures and PAP observed. Thus, acute fistula occlusion in the catheterization laboratory often markedly underestimated the net reduction in CO and hemodynamic improvements that were seen with chronic, definitive AVDA revision. The marked difference in the CO response to alterations in AVDA flow likely explains why hemodynamic characteristics, such as mean PAP and PAWP, did not change after acute fistula occlusion yet were markedly improved after chronic closure of the AVDA.
PAP improved, with a decrease in PASP from 74 AE 3 to 50 AE 12 mmHg (P ¼ 0:06) and a decrease in mean PAP from 35 AE 10 to 21 AE 9 mmHg (P ¼ 0:04). Biventricular filling pressures improved significantly, with the mean RA pressure decreasing from 9 AE 4 to 4 AE 1 mmHg (P ¼ 0:21) and PAWP decreasing from 20 AE 7 to 10 AE 1 mmHg (P ¼ 0:11). Transpulmonary gradient (TPG) decreased from 23 AE 15 to 15 AE 4 mmHg (P ¼ 0:26), and diastolic PAP to PAWP gradient (DPG) decreased from 7 AE 13 to 4 AE 3 mmHg (P ¼ 0:41). PVR, which was within normal range in all patients at baseline, did not change after revision of AVDA (2:1 AE 0:6 to 2:6 AE 1 Wood units; P ¼ 0:49), whereas SVR increased significantly in response to AVDA revision (723 AE 299 to 1; 355 AE 289 dynes·s/cm 5 ; P ¼ 0:003).
DISCUSSION
In this case series, we report on the clinical, echocardiographic, and hemodynamic findings of 5 subjects with dyspnea, heart failure, and PH in association with AVDA both before and after surgical revision of AVDA. Our case series highlights that surgical closure or partial closure of AVDA in these circumstances led to marked improvements in functional capacity, hemodynamic characteristics, and overall clinical status. Several important themes emerged from our case series that may provide important insight into the significance of AVDA in the setting of dyspnea in patients with ESRD, which may inform the clinician.
Clinically, all patients had a history of systemic hypertension, and all patients manifested findings of hypertensive heart disease by echocardiography, including LVH, LA enlargement, and Doppler evidence of increased LA pressure. These findings set a critically important backdrop to these patients, because all had LV diastolic dysfunction, which would make them particularly susceptible to left heart congestion in the setting of AVDA-related increases in CO. [16] [17] [18] [19] [20] In the absence of such findings, an increase in CO related to an AV fistula or graft is likely to be much better tolerated hemodynamically. 21, 22 Also of note, 4 of the 5 patients had proximal fistulae or graft access, such as brachial or femoral arteriovenous access. This is also likely relevant, because more proximal arteriovenous connection is likely more permissive to increased flow and a greater overall volume load returning to the heart. [23] [24] [25] [26] [27] [28] In keeping with this observation, earlier data reveal that brachial AVDA is more associated with PH than radial dialysis access. Lastly, our patients, on average, had AVDA in place for a prolonged duration of time, ranging from 6 to 15 years. Chronicity also likely plays a role in higher flow through the AVDA, given that, with time, the fistula or graft may dilate and beget higher flow. [29] [30] [31] [32] [33] [34] Earlier literature has emphasized the role of acute hemodynamic changes associated with fistula occlusion in the catheterization laboratory. [35] [36] [37] However, our findings strongly indicate that such acute maneuvers in the catheterization laboratory can lead to a dramatic under appreciation of the overall hemodynamic sequelae of the AVDA. Of the 3 patients who underwent acute AVDA occlusion in the catheterization laboratory, none demonstrated changes in right or left heart filling pressures or PAP. Similarly, the average decrease in CO acutely was approximately 1 L/min, which suggests that this was the amount of flow through the AV fistula. However, the average reduction in CO after surgical closure of the AVDA was, in fact, 4 L/min, with dramatic reductions in RAP, PAWP, and mPAP. Why was such a large discrepancy in the hemodynamic characteristics seen after acute fistula occlusion versus chronic surgical closure? This finding speaks to the acute and direct hemodynamic effects of the AVDA as well as more chronic changes that occur in response to the arteriovenous connection.
The direct role of AVDA relates to shunting of blood flow from the high pressure/resistance of the systemic arterial system into the low pressure/resistance systemic venous system, leading to an increase in venous return and thus an increase in CO. Indirectly, the AVDA can serve as a sink to systemic arterial impedance and lesser LV afterload. The lowering of SVR may also reduce the effective circulating volume of the systemic circulation, activating arterial baroreceptor function, leading to secondary increases in cardiac sympathetic tone. This is supported by the significant increase in SVR (into a normal range) seen in our subjects after AVDA revision and may in part account for the normalization of flow seen in these subjects as LV afterload returned to a more normal range. In addition, the increased venous return permissible from the AVDA serves to increase cardiac preload, keeping the heart functioning on a higher portion of the cardiac function curve. In total, these effects can lead to marked increases in the CO in patients with AVDA, seemingly in disproportion to the cross-sectional area of the arteriovenous system or what can be appreciated through an acute assessment of flow.
Given the degree of hypertensive heart disease seen in our patients and the marked reduction in CO after surgical AVDA closure, it is logical that the overall hemodynamic profile improved to the extent observed. We observed marked reductions in biventricular filling pressures and improved PAP, whereas the PVR remained relatively similar, owing to the fact that the PVR was not an important contributor to the PH of these patients. The improved hemodynamic characteristics translated into marked improvements in functional class, 6-minute walk distance, and symptoms and signs of heart failure. In keeping with this, there were also significant improvements in several echocardiographic parameters; most notably, there were improvements in RV size and RV-to-LV proportion as well as Doppler evidence of improved LA pressure. [38] [39] [40] It was interesting to note that the TPG was >12 mmHg in all patients before AVDA occlusion. However, the PVR was ≤3 Wood units in all 5 subjects, and the DPG was ≤7 mmHg in 4 of the 5 subjects, emphasizing that the PH in our subjects was largely due to the interaction of high flow and increased LA pressure as opposed to intrinsic pulmonary vascular disease. Our findings also support earlier work showing that PH reversibility is well predicted in the setting of a low DPG. 41, 42 In our only subject with a markedly elevated DPG, the CO and index were massively elevated, making the decision to close the fistula straightforward regardless. However, given that this patient had dramatic reversal of her PH after fistula closure, this observation also highlights a limitation of the DPG in terms of predicting intrinsic pulmonary vascular disease in the setting of very high-flow states. 43 Four of 5 patients in our series had undergone renal transplantation; thus, their AVDA was not in use. One patient had not received a transplant. In this patient, not only was the AVDA in use, but the patient had many earlier failed access sites. In this patient, instead of ligating the fistula entirely, we partially banded the fistula to restrict flow but keep the AVDA viable. In this patient, symptoms and signs of heart failure and ECG-Doppler features of heart failure and PH improved dramatically and to a similar degree as in the subjects whose AVDA was ligated. The decision to ligate versus partially band a site of AVDA in the setting of high-output heart failure requires careful integration and consideration of both the hemodynamic impact of the AVDA and the potential need and alternatives for AVDA in an individual patient. In our view, if a patient has clearly demonstrated high-output heart failure that is related to the AVDA, then revision or closure of the access site should take precedence over concerns regarding the possible need for this AVDA in the future (i.e., eventual renal allograft failure) for a patient with renal transplant. In a patient currently receiving hemodialysis, AVDA revision should also take precedence, because the risks and benefits of reversing severe heart failure and PH compared with the risks and logistics of alternate means of renal replacement therapy weigh in favor of fistula banding or closure. 44 In our patient who was receiving hemodialysis and under evaluation for renal transplant, heart failure and PH had led to her removal from the transplant list; after AVDA banding, her heart failure resolved, and she was reactivated for transplant. Future studies may address the issues of complete versus partial closure of AVDA as well as the optimal approach to patients both before and after receipt of a transplant more closely, which will require larger patient cohorts.
This case series highlights the clinical, echocardiographic, and hemodynamic manifestations of heart failure and PH in association with a high-flow state related to AVDA. Our findings should also serve to underscore the importance of a complete evaluation of heart failure and PH in this context. Patients should not be treated empirically for heart failure or PH in this setting, because failure to prop-erly characterize the nature of the heart failure and PH will both delay definitive intervention and potentially increase patient morbidity. The use of pulmonary vasodilators in these patients would likely have been poorly tolerated and only served to aggravate leftsided cardiac congestion.
There are isolated reported cases of improvement of PH after closure of AVDA and acquired fistulae. Malhotra et al. 45 reported a case in which closure of AVDA in a patient after receipt of transplant led to improvement of heart failure symptoms and PH based on echocardiogram and RHC. Scheir et al. 46 used shunt flow as a parameter for AVDA closure and reported that patients who achieved clinical improvement after AVDA closure had a shunt flow >2,200 mL/min. In our study, we did not directly quantify flow through the AVDA before closure, given that we feel it is not the absolute flow through the AVDA itself but rather the interaction between the excess flow and the cardiovascular substrate that determines the net impact on the individual patient. A patient with severe hypertensive heart disease may prove intolerant to lesser degrees of excess flow, whereas a patient with a structurally normal heart may tolerate significantly higher flows without untoward effect. Improved outcomes have also been described in isolated reports of closure of iatrogenic arteriovenous fistulas leading to resolution of PH and heart failure symptoms. 47, 48 This report represents a relatively small case series with limitations that include the size of the cohort and the relatively robust phenotype of high flow, PH, and heart failure. Larger studies will be needed to gain insight into the different iterations of heart failure and PH in the setting of AVDA and whether a less severe phenotype of patient would benefit from AVDA revision in the setting of dyspnea. One of our subjects refused follow-up RHC after AVDA revision; however, the degree of improvement in heart failure and PH in this subject was commensurate with that in the other subjects and suggests that marked hemodynamic improvements would likely have been observed in this subject also.
Herein we report the baseline and follow-up clinical status of 5 patients with ESRD, dyspnea, heart failure, and PH in the setting of AVDA. After surgical revision of the AVDA, patients experienced dramatic improvements in clinical status and hemodynamic characteristics, directly implicating the AVDA as the primary cause of their condition. The potentially deleterious effects of AVDA, particularly in the setting of preexisting hypertensive heart disease, should not be underestimated. We hope that this case series sheds further insight into the importance of considering the AVDA as a potential contributor to dyspnea, heart failure, and PH in patients like this and that revision of AVDA be viewed as a potential and important therapeutic approach for such patients.
